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ABSTRACT
In recent years, advances in power electronics and materials have enabled in-
novative electric machine (EM) designs. At the same time, the environments
and applications in which these electric machines are being used are becom-
ing more and more demanding. For example, electric vehicles require electric
motors that do not consume a large amount of space or weight, while still
providing high power and efficiency. As a result, much research has begun
to improve the specific power (kW/kg) and power density (kW/m3) of these
devices. Due to the steady increase in air transportation, electric propulsion
systems are now also being explored as a way to reduce the energy consump-
tion of long distance travel. Studies have shown that EM specific powers of
greater than 13 kW/kg are necessary to enable this type of propulsion. This
thesis provides an overview of the current progress related to electric aircraft
configurations followed by an in-depth analysis of machine topology selec-
tion. Ultimately, an outside rotor permanent magnet synchronous machine
(PMSM) designed to produce 1 MW at 96% efficiency with a specific power
of 13 kW/kg is selected. This thesis then shifts focus to the development,
manufacturing, qualification, and assembly of the PMSM’s armature wind-
ings. The innovative winding design that is addressed is a key enabler to the
machine’s performance due to its ability to push electric loading to 40,000
A/m, while only using forced air cooling. Finally, the thesis concludes with
a summary of findings and suggestions for future work in this field.
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CHAPTER 1
INTRODUCTION
Recently, the National Aeronautics and Space Administration (NASA) has
set aggressive goals to reduce aircraft energy consumption, emissions, and
noise [1]. This has begun a large, multidisciplinary research effort to enable
electric aircraft propulsion. One of the key factors to make electric propulsion
a realty is the development of high specific power, high efficiency electric ma-
chines. Currently, the University of Illinois is exploring the design, manufac-
ture, and systems integration of an advanced permanent magnet synchronous
machine. This thesis presents several aspects of this research.
The thesis begins at a systems level by presenting several electric propul-
sion configurations in Chapter 2. There are countless EM topologies, each
with its own benefits; hence, Chapter 3 addresses machine topology selection.
Through this study it was found that permanent magnet synchronous ma-
chines offer the power density and efficiency required by aircraft applications.
Chapter 4 provides a summary of possible armature winding configurations,
as this design decision affects the entire stator arrangement. A toothless,
form-wound winding was chosen to minimize iron loss and increase the ef-
fective copper fill factor. With the winding configuration in place, Chap-
ter 5 presents the design and hardware components of a 1 MW outer rotor
PMSM being researched at the University of Illinois. Chapters 6-9 focus on
the development, manufacturing, qualification, and assembly of the arma-
ture windings respectively. Finally, this thesis concludes with a summary of
findings and suggestions for future work.
The research presented has significant implications on many fronts. First,
this motor design could transform how aircraft propulsion power is created
and distributed. More broadly, the proposed motor also offers a specific
power of 13 kW/kg, which is much higher than any other existing megawatt
class machine has achieved [2]. The innovative winding design is a key enabler
to machine performance due to its ability to push electric loading to 40,000
1
A/m, while only using forced air cooling. Advanced aerospace machines often
boast electric loadings in the range of 30,000-50,000 A/m [3], but also utilize
liquid cooling. The in-house manufacturing process will allow a full-size 1
MW prototype motor to be implemented and tested, further validating this
technology. Lastly, the winding design can be generalized for use in scaled
versions of the proposed machine or even other high-power-density machine
designs.
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CHAPTER 2
ELECTRIC AIRCRAFT OVERVIEW
Over the past two decades the automobile industry has seen a dramatic shift
towards hybrid and fully electric vehicles in an effort to reduce harmful emis-
sions and ensure a sustainable future that is not dependent on limited natural
resources. Increasing government regulations and the projected increase in
vehicles in many counties across the world have continued to accelerate this
development. The commercial aircraft industry is expected to grow at a
similar rate over the next 20 years, with the number of airline passengers
anticipated to double by 2035 [4]. While aircraft emissions are not as heavily
regulated as automobiles, they still account for 12% of the world’s total emis-
sion caused by transportation [5]. Current air transport emission projections
show that if there is not significant innovation in the way energy is stored
and converted on aircraft in the near future, this form of transportation will
become devastatingly harmful [6]. As a result, NASA has established goals
to significantly decrease aircraft noise, emissions, and energy consumption as
shown in Table 2.1 [1].
Table 2.1: Future Aircraft Metric Goals
Metric N+1 (2015) N+2 (2020) N+3 (2025)
Noise -32 dB -42 dB -71 dB
LTO NOx Emissions -60% -75% >-75%
Aircraft Fuel Burn -33% -50% >-70%
To do so, significant research has been conducted to implement more elec-
tric aircraft (MEA). As the name suggests, MEAs aim to replace the existing
power distribution networks in airplanes, which consist of electrical, pneu-
matic, hydraulic, and mechanical systems, with a fully electric system. When
fully implemented this has the potential to increase system efficiency and de-
crease complexity and weight [7]. This is partly due to the fact that it is much
easier to distribute electrical power when compared to the power distribution
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methods used in other types of power systems.
Boeing’s 787 has served as an important first step towards the MEA of the
future. In fact, the electrical power usage of the 787 is an order of magnitude
larger at 1 MW than its predecessor, the 737, at 100 kW [8]. This growth can
greatly be attributed to the increase in electric machines used for actuation
throughout the aircraft. While this is still a developing field, research has
shown that EMs can provide more precise and reliable flight control to pilots
[9].
Research has also begun on much larger powered electric machines intended
for partially and fully electric propulsion [10]. NASA has proposed two plane
designs, the STARC-ABL and the N3-X, which both aim to significantly re-
duce mission fuel burn [1], [11]. To do so, partially and fully distributed
propulsion schemes have been developed for the STARC-ABL and N3-X re-
spectively [10]. Figure 2.1 depicts a distributed propulsion system.
Figure 2.1: Diagram of a distributed propulsion system.
These methods utilize generators to produce electrical power and motors
to create thrust as well as improve aerodynamic efficiency through the use
of a boundary layer ingestion (BLI) fan. Alternatively, efforts are also being
made by Rolls-Royce and NASA to produce a parallel hybrid engine which
uses an electric motor to augment thrust as shown in Figure 2.2.
Regardless of the implementation, these designs require very power dense,
reliable electrical systems that are comprised of electric machines, power
electronics, transmission lines, and in some cases batteries. To enable elec-
tric propulsion, the specific power of all components must dramatically in-
crease. Zhang et al. [2] have conducted an extensive survey on high specific
power machines. This study presents many machines intended for electric
4
Figure 2.2: Diagram of a parallel hybrid propulsion system.
vehicles (EV) that achieve specific powers from 1 to 3 kW/kg, a significant
improvement from the 0.1 to 0.5 kW/kg specific powers found in industrial
applications. However, research conducted by NASA has shown that power
densities must improve by an order of magnitude to 13 kW/kg to enable elec-
tric aircraft [2]. Thus, a large effort has begun to develop EMs that meet this
goal at high power, speeds, and efficiency. This thesis addresses the design
and manufacture of key elements of a very lightweight, high power electric
machine intended to enable electric flight.
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CHAPTER 3
ELECTRIC MACHINE TOPOLOGY
SELECTION
One key consideration involved in EM design for electric aircraft is machine
topology. There are many different machine types, such as permanent mag-
net synchronous machines (PMSMs), induction machines (IMs), switched re-
luctance machines (SRMs), and countless more as shown in Figure 3.1 [12].
Hence, a selection must be made based on the application’s requirements.
Figure 3.1: Electric machine options for aerospace applications.
These requirements have component level and system level implications.
As stated in the previous chapter, the machine must exceed a power density
of 13 kW/kg. Zheng et al. [2] have conducted an extensive literature review
on high specific power machines. While this is a good starting point, ma-
chine designers must also consider the machine’s efficiency, speed, complexity,
reliability, and fault-tolerance, as these parameters have larger system con-
sequences. More specifically, studies conducted by NASA Glenn Research
Center show that inefficiency in the electric drive system can add significant
weight to the thermal management systems, batteries, and airframe of an
aircraft, thus requiring aerospace EMs to operate at high efficiencies [13].
6
Increasing machine speed is an effective way of decreasing machine weight as
shown in [14]. However, when machines are included in a propulsion system
they will be coupled to fans. These fans have a much larger diameter than
the machine itself and as a result may not be able to rotate at the same
speed due to tip-speed limitations. In order to satisfy the fan’s speed limits
and still take advantage of the weight reduction achieved with a high-speed
motor design, a gearbox may need to be added to the system. Unfortu-
nately, gearboxes also introduce additional weight and inefficiency. Finally,
each machine topology has unique fault-tolerance characteristics that must
be considered in an effort to satisfy the FAA’s strict safety and redundancy
regulations [15]. This chapter reviews the common characteristics of three
machine topologies, IM, SRM, and PMSM. System weight considerations are
also be accounted for through a drive system weight study. Both the review
and weight study are then used to motivate the selection of one machine
design.
3.1 Machine Characteristics
Figure 3.1 first characterizes machines into two categories: brushed machines
and brushless machines [12]. Brushes are used to provide electrical contact
to the rotor of some electric machine topologies. As a result, these com-
ponents experience frequent and intense mechanical stress, which causes a
higher likelihood of failure [12]. Since availability and reliability are crucial
in aerospace applications, brushed machines are often not considered as vi-
able options. Keeping this consideration in mind, three brushless machine
topologies will be explored as options for electric propulsion in this thesis:
induction machines, switched reluctance machine, and permanent magnet
machines. The following subsections evaluate these topologies based on ef-
ficiency, power density, simplicity, fault-tolerance, and cost, all of which are
of great concern in aerospace applications.
3.1.1 Induction Machines
It is well known that conventional IMs are popular in industrial applications
because they are rugged, cheap and reliable [9]. In fact, the literature has
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shown that over 50% of IM faults can be attributed to bearing faults, rather
than more severe electrical failure modes [16]. Unfortunately, these traits are
also accompanied by low efficiencies and low power densities when compared
to SRMs and PMSMs [12]. IMs’ fault-tolerance is heavily dependent on what
definition of fault-tolerance is required. Since IMs utilize both stator wind-
ings and a rotor squirrel cage, they are able to respond well to short circuit
faults because the flux in the machine can easily be removed [12]. This is not
the case for PMSMs because it is much more difficult to de-energize magnets.
However, de-rated operation is nearly impossible to achieve because of the
mutual coupling between phases in IMs [9]. As a result, complex control
schemes are necessary to implement magnetically isolated modules within
IMs to improve fault-tolerance. An example of this is presented in [17] and
an improved open circuit fault response was demonstrated. Moreover, [17]
demonstrated the ability to reduce torque ripple in fault conditions through
the addition of more phases. Currently, NASA is funding researchers at The
Ohio State University to develop a 10 MW ring induction machine to better
understand this topology’s ability to satisfy electric propulsion requirements
[10]. Doubly-fed induction machines are also being investigated as an option
that could reduce or even eliminate the amount of power electronics in the
electric drive system [18]. However, IMs’ relatively low efficiency, low power
density, and inability to easily operate at de-rated power level make this
topology a hard sell for aerospace applications.
3.1.2 Switched Reluctance Machines
The next machine type evaluated in this study is the SRM, which boasts
a cheap, simple, and robust design. SRMs do not include any magnets or
windings on the rotor, so they are ideal for high temperature, harsh environ-
ment applications such as turbo-fan engines [9]. When compared to PMSMs,
SRMs are moderately less power dense and efficient. Specifically, the litera-
ture has shown that SRMs are 20-30% larger than comparable fault tolerant
PMSMs [19]. The downfall for SRMs may be their high torque ripple and
high current density [12]. However, SRMs are naturally fault tolerant due
to the inherent independence of their phase windings [12]. This modularity
allows for de-rated operation under faults. Another benefit of this winding
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scheme is the ability to easily implement sensorless control [20]. This control
is based on winding excitation, which can be used to estimate rotor position.
Lafoz et al. [19] present a 20 kW SRM design for aerospace applications
and addresses the necessary power electronics as well as system level integra-
tion challenges that accompany the design. While SRMs are outperformed
by PMSMs in efficiency, power density, and torque ripple they still must be
considered as a viable option for aerospace applications due to their natural
fault-tolerance and robustness to harsh conditions.
3.1.3 Permanent Magnet Synchronous Machines
Another potentially viable option for aerospace applications is PMSMs. This
topology offers much better efficiencies and power densities when compared
to IMs while still being very reliable [9]. The inclusion of magnets rather
than windings on the rotor enables these properties, but they also come at
a cost, directly and indirectly. Permanent magnets are expensive and often
are the temperature-limiting component in PMSMs due to demagnetization
concerns [12]. The designer also sacrifices the ability to easily de-energize
the rotor in short circuit situations, which could lead to a catastrophic fail-
ure if the machine cannot be readily removed from the shaft. The machine
can be overrated as described in [9] to accommodate for large currents and
torques that accompany such faults, but this also reduces the power density
of the machine. Keeping this trade-off in mind, the design of PMSMs allows
many ways to increase fault-tolerance. First, PMSMs can be modularized
to achieve complete physical, electrical, magnetic and thermal isolation of
phase windings [21]. This allows for de-rated operation, particularly under
open circuit and loss of phase faults. One can also increase the inductance
of the machine to limit short circuit currents [21]. Memory motors provide a
solution to the aforementioned issue of de-energizing the rotor magnets. Al-
NiCo magnets are utilized in these motors because of their high remanence
and low coercivity properties, which allow reasonable power densities and
the ability to demagnetize and re-magnetize the magnets with short, high
current pulses in the stator windings [21]. Finally, flux weakening can be
implemented both electrically and mechanically. Auxiliary windings can be
placed on either the stator or the rotor to electrically reduce or nullify mag-
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net flux in fault situations [21]. These windings, however, cause additional
losses during normal operation, and rotor windings would require brushes.
Mechanical flux weakening is also an option, in which the rotor and the sta-
tor are physically separated. This implementation makes the most sense for
axial flux machines but can also be implemented in radial flux machines.
However, the mechanical time constant in response to faults can be slow,
which may increase the likelihood of a catastrophic failure. While all these
options do improve the fault-tolerance of PMSMs it is important to be aware
that most also decrease power density and efficiency, which are the two main
advantages of this machine type.
3.1.4 Topology Comparison
The literature has offered several papers evaluating and improving the fault-
tolerance of IMs, PMSMs, and SRMs [17], [20], [21]. In fact, [9] and [12] offer
comprehensive reviews of the process of selecting electric machines for MEAs,
and [20] presents a comparative study of machine designs for these topologies
for a 1500 RPM, 20 kW application. Based on the papers reviewed for this
thesis Figure 3.2 was created to evaluate each topology on cost, efficiency,
power density, simplicity, and fault-tolerance.
Figure 3.2: Electric machine topology evaluation.
It has been found that SRMs offer a balanced design based on these five
parameters. However, PMSMs are also a very viable option for airplane
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actuation and propulsion systems due to their high efficiencies and power
densities. As cited in the previous section, these advantages may decrease
depending on the level of fault-tolerance implemented in the machine design.
IMs, on the other hand, are less likely candidates because of their relatively
poor efficiencies, low power densities, and inability to easily operate at a de-
rated power level. The system implications of high power machine topology
selection in MEA have not extensively been explored in the literature and
are of high interest to the aerospace field. Hence, an initial system weight
comparison for PMSM and SRM topologies is developed in the next section.
3.2 System Weight Study
Both machine weight and system weight must be considered when selecting
the optimal EM topology for aircraft propulsion. The following sections
develop a means to estimate both machine volume and weight through the
use of sizing equations. Weight and efficiency estimations for the required
gearboxes, power electronics, and fault response equipment are then used to
develop a system weight. A high-level diagram of these components is shown
in Figures 3.3 and 3.4 for PMSM and SRM respectively.
Figure 3.3: PMSM system overview.
Figure 3.4: SRM system overview.
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Finally, a weight cost for system losses is assigned to estimate the addi-
tional thermal management system and air frame size.
3.2.1 Machine Sizing
Equations have been developed as outlined in [22] to size electric machines.
For this study, the D2L sizing equation was selected because the parameters
used are easily generalized from one machine type to another [22]. This is
important as there are advanced topologies being developed for many differ-
ent machine types. The D2L sizing equation for PMSM and SRM is shown
below as Equation 3.1
D2isle =
Pmech
pi2
60
Ωsησm cos(ϕ)Xm
(3.1)
Pmech is set based on the requirements of the fan and engine. This initial
study assumes that each machine is rated for 1.0 MW and 96% efficiency.
The power factors are specific to the machine topology selected; thus, the
model uses a power factor of 0.95 for PMSM and 0.9 for SRM. Moreover,
Xm is a constant that scales Equation 3.1 appropriately for each machine
topology. This parameter is derived based on constants discussed in [22] and
is found to be 1 for PMSM and 0.75 for SRM. Finally, the magnetic shear
stress, σ, is selected using data from HSP motors of each topology presented
in [2]. Shear stress is a function of electric loading and magnetic loading, both
of which will be maximized in advanced EMs. This relationship is presented
below in Equation 3.2 [23]:
σ = k1AsBg (3.2)
Next, the algorithm requires that the original ratio of air gap diameter to
outer diameter from a baseline machine design remains constant during the
sizing of the estimated EM design. Baseline designs were selected from [2].
The diameter ratio is computed as follows in Equation 3.3.
DiameterRatio =
Dis
Dout
(3.3)
This allows the exploration of a range of machine outer diameters. The
algorithm then computes the corresponding scaled air gap diameters using
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Equation 3.4.
Dis,scaled = (DiameterRatio)(Dout,scaled) (3.4)
With this information, the scaled stack lengths that correspond to these
diameters can be calculated using Equation 3.5.
le,scaled =
D2isle
D2is,scaled
(3.5)
In summary, this method has three key results. First, D2L is computed
given a set of power and speed values. Note that this value is directly propor-
tional to machine volume. It is also important to notice that there is only one
volume solution for an individual set of power and speed requirements. This
volume can be achieved with a wide range diameters and lengths. Hence, the
second and third results of this method are a range of outer diameters and
stack lengths that satisfy D2L. Once volume has been computed, volumetric
density values of the baseline EMs can be used to estimate machine weight.
A value of 3000 kg/m3 is used for all machine topologies based on the high
specific machines reviewed in [2]. Not all diameter and length solutions are
realistic motor designs, so it is also vital to develop a viable design space.
This is discussed in detail in the next section.
3.2.2 Machine Design Space
It is imperative that this tool produces realistic motor dimensions. To do
so, a viable machine design space has been developed taking into account
rotordynamic and rotor tip speed constraints. First, the L/D aspect ratio
provides insight into the rotordynamic performance of the machine, and it is
computed as shown in Equation 3.6 [24].
L/DAspectRatio =
le
Dout
(3.6)
Typically, the L/D ratio is between 1 and 3 for electric machines [24]. The
design space uses an expanded L/D range from 0.5 to 3.5 in this application to
accommodate advanced machine designs. For example, the motor discussed
in [14] has an inside out topology, which means that the rotor is on the outside
of the stator. As a result, the rotor acts as a large diameter shaft and provides
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high shaft stability even for short motors. Conventional machines will have
tighter constraints as smaller diameter rotors may cause rotordynamic issues
at high L/D values.
Rotor tip speed must also be considered. Traditionally, rotor tip speed is
limited to below 0.4 Mach (150 m/s), but recent research has shown that
it is possible to operate up to 0.8 Mach (280 m/s) [24]. Rotor tip speed is
computed as follows in Equation 3.7.
RotorT ipSpeed = (pi)(Drotor)(
Ωs
60
) (3.7)
These constraints develop a design space that can now be explored when
selecting operational speeds and dimensions of the machine. Figures 3.5 and
3.6 present the design spaces for the two machine types considered.
Figure 3.5: PMSM design space.
3.2.3 Gearbox Sizing
The past two sections have developed methods to find the volumes and
weights of scaled machines. Equation 3.1 shows that machine volume and
hence weight will decrease as operational speed increases. However, it is not
possible to increase engine operational speeds to match these machine speeds
due to constraints such as fan tip speed. Therefore, the scaled machines will
likely be operating at different speeds than the turbomachinery itself and re-
14
Figure 3.6: SRM design space.
quire a gearbox to couple the two devices. Gearboxes can become heavy when
they are transmitting a large amount of power and the gear ratio is high. For
this study, constant fan speed of 4000 RPM is assumed. An algorithm to es-
timate gearbox weight has been developed at NASA Glenn Research Center
based on a survey of many existing gearboxes used in aircraft applications
[25]. Equations 3.8 and 3.9 form this method.
index =
HP 0.76Ω0.13e
Ω0.89r
(3.8)
Wgb = (index)(Kgb)(0.454kg/lb) (3.9)
The index computed in Equation 3.8 is based on the power transmitted
in horsepower (HP), the faster input or output shaft speed of the gearbox
(Ωe), and the slower input or output shaft speed of the gearbox (Ωr). This
index is then scaled by a technology factor (Kgb) to find an estimated weight
of the gearbox. The factor decreases with advances in gearbox technology.
Note that the speed of the slower turning shaft of the gearbox has a greater
effect on the index, while the speed of the faster turning shaft has a much
lower effect. Assuming that the electrical machine is turning faster than the
fan it is connected to, this equation implies that the weight of the gearbox is
relatively insensitive to the speed of the electrical machine and much more
a function of the fan speed. Finally, a gearbox efficiency of 98% is assumed
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to be attainable. Clearly, it is important to minimize the combined weight
of the gearbox and machine.
3.2.4 Additional System Components
The power electronics required to drive the electric machine also contribute
significantly to the system weight and must be considered. Research is cur-
rently being conducted to produce power electronics with a specific power of
19 kW/kg at 98% efficiency [26]. Using this information, power electronic
weight can be calculated.
Similarly, research is being directed towards light weight circuit breakers.
Armstrong et al. [27] cites advanced ac and dc breakers with specific powers
of 260 kW/kg and 93 kW/kg respectively. Note that dc breakers are sub-
stantially heavier than ac breakers because there is no zero crossing in the
current waveform. It is likely that PMSM and SRM would both utilize a
dc bus. Provided there are breakers placed on either side of the power elec-
tronics as shown in Figures 3.3 and 3.4, the total breaker weight for system
utilizing a dc bus is 14.89 kg. Mechanical fault response equipment is also
necessary for PMSM as the magnetic flux created by the rotating magnets
cannot be removed under fault conditions. A 23 kg clutch is included to
decouple the PMSM from the shaft during short circuit faults [28]. This
clutch is not necessary for SRMs because they can be completely electrically
isolated under fault conditions due to the lack of permanent magnets in their
design.
Finally, a 200 W/kg weight cost is assigned to account for thermal man-
agement system and airframe weights [29]. Utilizing the above weight and
efficiency metrics, a system weight can be estimated for each machine type.
These results are shown for PMSM and SRM in Figures 3.7 and 3.8 respec-
tively.
The PMSM topology results in the lowest system weight despite the ad-
ditional required fault equipment. Note that it is also beneficial to increase
machine speed as it significantly reduces machine weight even with the in-
clusion of a gearbox to couple the device to the fan.
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Figure 3.7: PMSM system weight breakdown.
Figure 3.8: SRM system weight breakdown.
3.3 Topology Selection
Given the results of these two studies, a PMSM machine design is selected for
further exploration in this thesis. It is clear that PMSMs provide the neces-
sary performance, efficiency, and specific power required by aircraft systems.
While PMSMs do present challenges under short circuit fault conditions,
these can be overcome through the use of proper fault response equipment.
Moreover, the inclusion of this equipment is shown to have a small impact
on total system weight. Chapter 4 begins the discussion of PMSM design
with an overview of armature winding configurations.
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CHAPTER 4
ELECTRIC MACHINE WINDING
SELECTION
4.1 Winding Considerations
Chapter 3 motivated the use of a PMSM in MEA. This type of machine only
requires stator windings as the rotor contains magnets that create magnetic
flux in the air gap. However, there are many ways to implement stator wind-
ings, and this design decision has a large impact on the overall design of
the stator. Winding design can be evaluated on five critical criteria: losses,
stator iron design, thermal performance, machine performance, and manu-
facturability. Many of these criteria are interrelated. As reviewed in Chapter
2, efficiency is a major consideration in aerospace EMs. The selection of a
winding design can have a large impact on efficiency because it has impli-
cations on losses in the windings themselves as well as other components of
the machine like the stator iron. Losses in windings can often be mitigated
through proper wire selection. In fact, some wire configurations are made
specifically to reduce ac loss. An example of this is Litz wire [30]. Stator
iron losses also have a significant effect on the total losses of EMs [31]. If the
magnetic flux density in the iron exceeds the saturation point of the mate-
rial, losses are greatly increased. Teeth are a common feature in many stator
designs because they help direct flux. This design feature is also very suscep-
tible to saturation due to the relatively high flux density they are exposed
to. As a result, toothless stator designs have been developed that utilize
“air gap” windings when stator iron losses are of great concern, particularly
in high-frequency applications [14]. While these considerations can help re-
duce loss, windings must also be able to dissipate the heat created by the
remaining inefficiency. Materials selection is crucial to increase the effective
thermal conductivity of the windings. More specifically, wire, insulation, and
resin selection all play a major role in the winding ability to dissipate heat.
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The areas most susceptible to thermal hot spots are the middle and end
winding regions [32]. If these hot spot temperatures are minimized through
rigorous design and proper cooling, current density in the windings can be
increased, resulting in a more power dense EM. Winding design also effects
other machine performance metrics such as torque ripple, harmonics, and
fault-tolerance. Torque ripple and harmonics are characteristics that must
be minimized, while fault-tolerance must be increased especially in aerospace
applications. Finally, manufacturability is also of great importance, such
that the windings are able to be made efficiently and without damage to the
insulation.
This chapter reviews several different methods of winding, all of which
present different opportunities and challenges with respect to the criteria
outlined above. Namely, teeth-wound and toothless designs will be compared.
Design decisions such as implementing concentrated or distributed windings
are addressed. Random-wound and form-wound winding designs are also
explored. Finally, this review is used to motivate the selection of a winding
design for the 1 MW PMSM which is the subject of this thesis.
4.2 Winding Configuration Options
First, distributed and concentrated windings are discussed. Note that these
configurations can utilize either random-wound and form-wound windings.
4.2.1 Distributed Windings
Distributed windings boast machine performance advantages such as more
sinusoidal MMF distributions and EMF waveforms when compared to its
concentrated counterpart [33]. These benefits lead to less harmonic con-
tent in distributed windings [33]. Yet, the distributed configuration leads to
long end winding regions, which create additional losses and do not produce
torque [31]. This also adds additional copper weight to the machine reducing
machine specific power. For these reasons distributed windings are not a
viable candidate for the machine being explored.
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4.2.2 Concentrated Windings
Concentrated windings offer a more power dense design, but additional har-
monics should be expected [33]. End winding length is reduced, compared to
a distributed design which leads to lower copper losses. Moreover, concen-
trated windings provide low cogging torques, flux weakening capabilities, and
most importantly fault-tolerance [33]. This fault-tolerance is accomplished
through reduced mutual coupling and physical separation from other wind-
ings. Additional harmonics accompany the concentrated design which can
lead to noise, vibration, unbalanced magnetic forces, and torque ripple [33].
Additional design choices can be used to reduce these risks.
4.3 Winding Manufacturing Options
There are two common ways windings can be implemented in a machine
through random-wound and form-wound designs. Random-wound windings
have been popular in industrial applications due to their ease of manufacture.
However, as the name suggests, random-wound windings lack the precision
that is necessary in some high-performance applications. Form-wound wind-
ings provide this precision along with many other benefits, but they are also
significantly more difficult to produce. The following sections compare the
two designs.
4.3.1 Random-Wound Windings
Random-wound windings utilize the teeth of the stator iron as a natural
structure to wrap the necessary number of turns. The winding process of
EMs that use this type of design can be easily automated and cheaply manu-
factured [34], both of which are major advantages when mass producing ma-
chines. The trade-off that is associated with random-wound windings comes
from the reduced control over turn placement. This presents the possibility
of several challenges such as uneven slot fill, uneven thermal distribution,
and increased insulation stress [34]. Ultimately, these challenges can lead to
reduced performance under harsh conditions and lower power densities [34].
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4.3.2 Form-Wound Windings
Form-wound windings offer a solution to many of the inconsistencies asso-
ciated with random-wound windings. First, it is important to note that
form-wound windings are often manufactured before they are placed around
the stator, eliminating the need for iron teeth on the stator from a machine
build perspective. This enables new, toothless winding configurations which
are addressed in the next section. Found-wound designs boast thermal, me-
chanical, and electrical advantages especially in high-speed EMs as shown in
[35]. Many of the benefits can be attributed to the uniformity of turns in
form-wound windings. More specifically, the chance of localized hot spots is
reduced due to a more uniform temperature distribution [34]. The voltage
stress between turns is easier to calculate and measure, which allows the
insulation schemes of form-wound windings to be optimized [36],[34]. This
can result in a higher copper fill factor within the slot. In fact, form-wound
windings can achieve fill factors of greater than 60% [32]. Consequently, elec-
tric loading can be increased which leads to more power dense EM designs.
Form-wound windings are often expensive because they require custom made
wire that in most cases is rectangular to fill the slot [34]. Manufacturing
these windings can also be complicated and time consuming. Nonetheless,
advanced EMs require the precision and performance advantages that form-
wound windings offer.
4.4 Toothless Windings
Aerospace applications demand high-performance EMs that are lightweight
and very efficient. The stator iron can have a large impact on both parame-
ters because the material is often heavy and can produce areas of high loss,
especially for high-frequency machines. Thus, efforts have been made to re-
duce the amount of iron in advanced EMs. One way to accomplish this is
through a toothless stator design. In doing so the windings are effectively
placed in the air gap, putting them in the direct path of the magnetic flux
between the stator and rotor. Zhang et al. [37] have identified three different
toothless winding configurations, as shown in Figure 4.1.
These designs can be compared based on three key parameters: end wind-
ing length, active length, and manufacturability. The first two characteristics
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Figure 4.1: Form-wound design options (a) toroidal (b) single lap (c)
staggered [38].
are closely related, and the goal is to maximize the amount of winding area
that is used to create torque. Long end windings or other regions of a wind-
ing design that do not produce torque are detrimental to machine weight
and efficiency. All three designs offer short end winding regions, but the
toroidal design also includes a large inactive region that wraps around the
entire stator iron. Manufacturability is also of great concern, and is the
biggest challenge associated with a single lap winding design. While this de-
sign has short end turns, they also require sharp turns in wire, which can be
hard to implement without damaging the wire used in the winding. A stag-
gered phase design accomplishes short end windings, no additional inactive
regions, and relatively easy manufacturing. However, since each phase of the
machine has a unique active length they also have varied reactances. This
could result in unbalanced phase currents if proper control measures are not
enforced. Clearly, there are benefits and costs to each toothless design.
4.5 Winding Design Selection
Given the design options discussed in the previous sections, a toothless, form-
wound winding design is selected. This design reduces iron weight and losses
through the elimination of teeth. Moreover, the selection of a staggered
winding implementation results in a short but still manufacturable end turns
and no inactive regions. Correspondingly, copper weight and losses decrease.
A CAD model of the final winding design is shown in Figure 4.2.
Note that the windings are manufactured as series pairs to eliminate winding-
to-winding connections, which would be an area of high loss. Figure 4.3 de-
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Figure 4.2: Form-wound, series winding design.
picts how a set of three windings, each of a different phase, will be assembled
in a staggered fashion. The machine studied in this thesis is designed to
have 20 poles and three phases. Hence, 30 series-pair windings, 10 of each
phase, are necessary for the design. Figure 4.4 presents the assembly of all
30 winding pairs.
Figure 4.3: Staggered assembly of three form-wound windings.
Figure 4.4: Full assembly of staggered windings.
With the winding and stator iron design in place, Chapter 5 discusses the
entire machine design of the 1 MW PMSM being explored.
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CHAPTER 5
ONE MW PMSM DESIGN AND
HARDWARE
Using the information developed in the previous two chapters as a foundation,
this chapter presents the design of a high-speed, high-specific power 1 MW
PMSM being investigated at the University of Illinois at Urbana-Champaign
[14]. The key parameters of this machine are outlined in Table 5.1. Table
5.2 provides a breakdown of the machine’s losses.
Table 5.1: Key Machine Metrics
Metric Rating
Power 1 MW
Torque 635 N ·m
Speed 15,000 RPM
Frequency 2500 Hz
Specific Power 13 kW · kg−1
Total Machine Weight 76 kg
Efficiency 96%
Line-to-Line Voltage (RMS) 650 V
Max Turn-to-Turn Voltage 153 V
Max Turn-to-Ground Voltage 920 V
Winding Current (RMS) 92 A
Current Density (RMS) 18 A ·mm−2
Synchronous Reactance 0.06 p.u.
This EM serves as the focus of the remainder of this thesis. Chapter 3
motivated the use of a PMSM topology due to the clear power density and
efficiency advantages it holds over other machine designs, but it also pre-
sented a major challenge that accompanies PMSM designs: short circuit
faults. There are several ways to increase the fault-tolerance and hence de-
crease the likelihood of faults in PMSMs, some of which are implemented in
the UIUC design. First, a modular power electronic scheme is being studied,
which utilizes five inverters to drive the machine [26]. The modularity of
this system enables the machine to operate at de-rated power should there
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Table 5.2: Machine Loss Breakdown
Component Loss (kW)
Iron Loss 1.1
Copper Loss (dc) 5.5
Copper Loss (ac) 2.0
Magnet Loss 0.5
Windage + Fan Loss 21
Bearing Loss 0.2
Additional Loss 3
be a fault in one or more of the armature windings. Chapter 4 addressed
the various winding configurations that are available for PMSMs and ulti-
mately demonstrated that a form-wound slotless design would be best suited
for the application. Significant research has explored the manufacture and
qualification of a robust insulation scheme implemented in the windings of
this machine to further reduce the likelihood of a catastrophic fault due to a
short circuit in the windings [39]. However, to fully understand the require-
ments of the aforementioned processes, the overall machine design must first
be addressed.
5.1 Design Overview
The literature has presented two methods of increasing machine specific
power: increasing operational speed and increasing pole count [14]. This ma-
chine utilizes both approaches by employing a nominal speed of 15,000 RPM
and 20 poles. Such a design, however, also requires a high-fundamental-
frequency as determined by Equation 5.1
Frequency = (Speed)(
Poles
120
) (5.1)
As a result, the fundamental frequency required by the machine is 2500 Hz.
This high-speed, high-frequency design presents both mechanical and electri-
cal challenges. Moreover, the machine also pushes the electric loading limits
for forced air cooling, which introduces thermal challenges. Equation 5.2
illustrates the relationship between power and electric and magnetic loading
[23].
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Power = (k)(B)(A)(D2is)(le) (5.2)
Table 5.3 outlines the magnetic loading, electric loading, and air gap shear
stress this machine is designed to produce. Figures 5.1 and 5.2 show cross
sections of the proposed 1 MW PMSM.
Table 5.3: Machine Sizing Metrics
Metric Rating
Air Gap Flux Density 0.82 T
Electric Loading 40 kA ·m−1
Shear Stress 28 kPa
Figure 5.1: Two-dimensional motor cross section.
Note that the machine has several unique design features, including an
“inside-out” topology. Additionally, many steps have been taken to reduce
the amount of iron in the machine. The following sections address the above-
mentioned risks and design features used to abate them in further detail.
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Figure 5.2: Three-dimensional motor cross section [40].
5.2 Rotor Design
The rotor design of the proposed machine consists of three regions. The
first two regions are the carbon fiber retaining ring and the titanium rotor
shell. Both components are non-magnetic and mainly serve as structural
components that can withstand the large stresses and vibrations presented
with high-speed operation. The rotor also includes the magnets used in this
machine. In fact, magnet containment is one of the major motivations to
employ an “inside-out” design, which simply means that the rotor is found
on the outside of the stator. Conventional electric machine designs often
place the rotor on the inside of the stator so that the rotating components
of the machine are naturally contained by the stationary components of the
machine. However, surface mounted magnets in some PMSM designs, es-
pecially those designed for high speeds, require a retaining ring to ensure
that the magnets do not become dislodged from the rotor during operation.
Schubert et al. [41] shows that as the nominal speed of the machine increases
so does the required size of the magnet retaining structure. In conventional
topologies this ring increases the effective air gap, hence significantly decreas-
ing the magnetic flux density in the gap. This is not the case for inside-out
topologies, because the retaining ring can be placed on the outside of the
machine due to the nature centrifugal forces of the design. Hence, inside-out
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machines provide the opportunity to significantly increase the flux density
in the air gap and consequently decrease the size and weight of the machine.
The EM design presented in this thesis takes advantage of these benefits to
improve its specific power. To further reduce machine weight and minimize
iron losses, the design also utilizes a Halbach array arrangement for the mag-
nets. Halbach arrays help direct flux in the machine which reduces the need
for a rotor back iron [14]. These magnets serve as a means to provide mag-
netic flux in the air gap and as a result create torque in the machine. The
following subsections detail this machine’s rotor components, which can be
divided into two categories: electromagnetically passive and active.
5.2.1 Non-Magnetic Components
As shown in the cross section above, the rotor contains two passive elements,
the retaining ring and the titanium shell. Figures 5.3 and 5.4 show these two
components of the machine respectively.
Figure 5.3: Carbon fiber retaining ring.
These components are essential to mitigating the mechanical risks present
in this motor design. More specifically, since the machine has employed
several techniques to reduce the amount of iron in the design, it is more
susceptible vibrational modes that are typically dampened by the iron struc-
tures in conventional machines. The high-speed operation of the machine
also introduces a high tip speed of 250 m/s or 0.7 Mach. Increasing tip speed
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Figure 5.4: Titanium rotor shell.
leads to additional rotor expansion risks. To ensure that this machine de-
sign was mechanically viable, a test motor was manufactured to conduct a
series of spin tests, which are discussed at length in [42]. The rotor made
for these tests was a full-sized representation of the components, but it did
not include any magnetic elements. Rather, “dummy” magnets made of a
metal with a volumetric density similar to that of the magnets were used
to demonstrate the mechanical effects they have on the rotor at high speed.
These dummy-magnet packs were produced in-house and are presented in
Figure 5.5. Figures 5.6 and 5.7 show the test rotor assembly and test bed
respectively.
Figure 5.5: Dummy-magnet pack produced for rotor test.
The spin tests successfully proved that the machine’s mechanical com-
ponents can safely and effectively contain the magnets and withstand the
tip-speeds and vibrational modes experienced up to 18,000 RPM, thus sig-
nificantly reducing the mechanical risks associated with the design.
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Figure 5.6: Labeled test rotor [40].
Figure 5.7: Rotor test set-up [40].
5.2.2 Active Components
The only magnetic components on the rotor of this machine design are the
magnets themselves. As discussed above, a Halbach array magnet configu-
ration is utilized to redirect magnetic flux in the rotor. There are two main
benefits associated with directing flux with a Halbach array and hence reduc-
ing the need for rotor iron. First, eliminating the iron on the rotor reduces
the weight of the machine, which is one of the main goals of this project.
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Moreover, since there is no iron on the rotor, there are also no iron losses ei-
ther. This type of loss is a major concern due to the high-frequency operation
of the machine.
Magnet selection was also of great importance due to the relatively high
operational temperatures expected. As a result, demagnetization may occur
depending on the magnet material selected. Ultimately, the need for high
flux density in the air gap as well as the ability to operate with magnet
hotspot temperatures up to 150 ◦C motivated the use of N45UH, neodymium
(NdFeB) magnets in this design. FEA analysis has shown that this type of
magnet produces a peak air gap flux density of 0.82 T and only endures minor,
non-propagating demagnetization at 150 ◦C. These metrics help enable the
1 MW operation of the proposed design.
5.3 Stator Design
Like the design’s rotor, the stator has three major components to discuss as
shown in Figure 5.1. First, there is the heat sink, which is the innermost
region of the stator’s design. The main purpose of the heat sink is to remove
heat from the armature windings during operation. Forced air cooling moves
air quickly through the heat sink and air gap using an impeller attached to
the rotor. It is vital that this cooling scheme is able to dissipate heat so that
the windings can withstand a high level of electric loading and the magnets do
not become demagnetized. As discussed in the previous section, the magnets
can operate up to 150 ◦C without significant demagnetization. Likewise,
the armature windings also have a temperature limit, 210 ◦C, to prevent
accelerated insulation degradation which can lead to short circuit faults in
the machine. Materials, such as resins, used throughout the stator must also
be chosen carefully to reduce the effective thermal resistance between the
windings and the heat sink. Chapter 6 discusses material selection for the
armature windings in further detail.
The next component found in the stator is the iron yoke, which sits between
the armature windings and the heat sink. The previous section discussed
the importance of limiting iron in this machine’s design due to weight and
iron loss considerations. Note that the use of iron in this machine is also
minimized on the stator through a slotless design, which places the windings
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in the air gap and in the direct path of the machine’s magnetic flux. An iron
back yoke is still necessary in this design to direct flux in the stator. Thin
laminations are utilized to reduce eddy current losses that are present in the
machine due to its high-frequency operation. These laminations, however,
are difficult to manufacture, which can complicate stator assembly.
Finally, the stator also includes form-wound “air gap” armature windings.
When the machine is operating as a motor, these windings carry current
provided by a motor drive, which in turn produces a traveling magnetic field
in the stator. The interaction between this traveling magnetic field and the
magnets on the rotor is what causes torque in the machine and hence the
rotor to rotate. In other words, electrical power is input to the machine
and mechanical power is output when operating as a motor. On the other
hand, the machine can also be operated as a generator, in which case the
current in the windings is induced by the magnets on the rotor. To do so,
the machine’s rotor must be rotated using a prime mover. Thus, mechanical
power is input to the machine and electrical power is output. The machine
developed in this thesis is intended to operate as a motor, hence research
is also being conducted to produce a very power dense motor drive system
[26]. Nonetheless, this does not impede the machine from being operated as
generator, an option that is being considered for machine testing. Since, the
windings conduct high-frequency current and sit in the path the magnetic
flux of the machine, Litz wire is used to reduce ac losses incurred by skin
and proximity effects. More details about the design of these windings are
provided in the following sections and chapters.
5.3.1 Heat Sink
There are many methods that can be used to cool electric machines. For
example, water jackets and oil spray implementations have been commonly
cited in the literature as cooling schemes that allow machine designers to
increase electric loading [3], but these types of cooling also require external
thermal management systems which in turn increase the weight cost the ma-
chine has on the system. A large amount of the heat created in machines
can be attributed to the level of electric loading and current density. The
machine studied in this thesis employs a forced air cooling method to elim-
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inate the need for any additional thermal management system outside of
the machine design. As a baseline, typical forced air-cooled machines often
have a current density in the range of 10 A/mm2 [43]. The studied motor
is expected to have a current density of 18 A/mm2, so it is crucial to have
an aggressive implementation of forced air cooling. Figure 5.8 depicts how
cooling air moves through the machine during operation.
Figure 5.8: Coolant air flow direction [40].
This type of air movement is created using an impeller attached to the
rotor, shown in Figures 5.9 and 5.10.
Figure 5.9: Titanium impeller.
In the machine air flows through two main regions, the air gap between
the rotor and the stator and the heat sink. Since the air gap is only 1 mm,
most of the air flow and heat exchanging occurs in the heat sink itself which
is shown in Figure 5.11.
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Figure 5.10: Carbon fiber ring, titanium shell, and titanium fan assembly.
Figure 5.11: Aluminum, stacked heat sink.
This heat sink is made of aluminum due to its high-thermal conductivity
and relatively low volumetric density. Tests have been conducted using the
test motor to ensure the air flow through the machine is sufficient to cool the
windings and magnets. The results show that the impeller likely produces 40
m/s of flow at rated speed. Thermal simulations have been conducted to con-
firm that this flow rate maintains reasonable temperatures throughout the
machine, assuming it is being run at an ambient temperature of 40 ◦C. How-
ever, for the heatsink to be fully effective, the heat created by the windings
must be able to move radially inwards, an action that is heavily dependent
on the manufacturing and assembly processes utilized in the stator.
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5.3.2 Stator Yoke
The stator yoke design was derived from the selection of a slotless, form-
wound winding implementation. Eliminating the slots, and hence teeth in
this design, reduces the likelihood of magnetic flux saturation in the stator.
This is beneficial because saturation can lead to areas of high loss in the iron
back yoke. Additionally, the exclusion of teeth reduces the amount of iron in
the motor, a space that is instead filled by the copper windings. Thin, axial
laminations are used to mitigate eddy losses, further reducing losses caused
by the stator yoke. However, laminations also introduce manufacturability
challenges, particularly when the thickness is on the order of magnitude of
a thousandth of an inch. A Ferrous Nickle material, Permenorm 5000V5, is
selected for this application and 0.004 in laminations are implemented within
the manufactured yoke. This component is shown in Figure 5.12.
Figure 5.12: Permenorm 5000V5 stator yoke.
The material is able to withstand a peak flux density of 1.5 T before
saturation [44]. Moreover, when compared to other materials Ferrous Nickle
provided significantly lower losses at 950 W, which only accounts for 4%
of the losses found in the machine. Finally, the thermal conductivity of
Permenorm 5000V5 is 14W/m ·K , hence providing an effective path for the
heat of the windings to be transferred to the heat sink.
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5.3.3 Form-Wound Windings
The final pieces of the machine’s stator are the form-wound armature wind-
ings, depicted in Figure 5.13.
Figure 5.13: Form-wound Litz wire winding.
As alluded to in the previous sections, these windings are placed directly
in the air gap because there are no teeth in the design. The toothless, form-
wound topology presents the ability to significantly increase the amount of
copper and the effective copper fill factor in the stator when compared to
conventional machines. The windings in this machine provide a fill factor of
close to 50%, a property that allows the design to accomplish higher current
density and electric loading in a smaller space. However, there are many
challenges that accompany this winding design as well. First, the windings
must minimize losses to improve the machine’s efficiency and thermal per-
formance. Removing the teeth of the stator iron also causes all the magnetic
flux in the airgap to pass through the windings before it is redirected by the
stator yoke. Moreover, the fundamental frequency of the machine is very
high. Consequently, the proximity and skin effect losses are a concern in this
machine. Type 8 Litz-wire is utilized in the windings to reduce these effects.
Thermally conductive resin, Durlaco 128, is applied to help remove the re-
maining heat caused by losses in the windings. Providing sufficient insulation
between phases, turns, and ground is also imperative due to high-frequency
operation and the catastrophic failure modes that are associated with insu-
lation faults in PMSMs. A redundant scheme of Class-H insulation has been
implemented to ensure the dielectric performance of the windings under high
temperatures. Finally, the windings also experience mechanical challenges
associated with manufacturing and operational stresses and vibrations. Sig-
nificant work has been conducted in-house to ensure that the windings meet
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dimensional tolerances within the machine. Analysis and tests have also
been conducted to qualify the loss, thermal, dielectric, and mechanical per-
formances of the windings to confirm they meet the requirements necessary
to produce 1 MW in this machine design. The following chapters provide
in-depth insight into the challenges, design, manufacture, and qualification
of these form-wound armature windings.
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CHAPTER 6
KEY WINDING CONSIDERATIONS
Chapter 4 of this thesis motivated and introduced the design of the form-
wound armature winding used in a high specific power 1 MW PMSM. While
this design addresses several challenges that accompany EM windings, ma-
terial selection and placement can also have a major impact on performance.
This chapter addresses four key considerations that were addressed during
the development of these windings. The first topic is losses. There are three
different types of losses that must be considered: ac, dc, and connection
losses. The high-frequency operation and elimination of teeth to guide flux
in this design make the reduction of losses a more complicated task. The
next two considerations presented are dielectric and thermal performances,
which are heavily interrelated. Redundant electrical insulation is necessary
due to the voltage stresses produced using a high-frequency drive. Moreover,
this redundancy reduces the likelihood of a short circuit fault. Unfortunately,
electrical insulators are often also thermally insulating, which can hurt ther-
mal dissipation. Insulation placement in the windings must be optimized
to ensure both considerations are satisfied. The use of ceramic filled, high
thermal conductivity resin can also help mitigate this problem. The power
density requirement of the machine in question leads to manufacturing chal-
lenges, as tight dimensional tolerances must be attained. Due to the way
torque is created in EMs the windings also experience shear stress during
operation, so it is important that they are structurally strong. The following
sections discuss these considerations is detail as well as corresponding design
choices to minimize their effects on winding performance.
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6.1 Loss Considerations
Many efforts have been made to reduce losses in the machine design including
the losses in the armature windings. Chapter 4 discussed the utilization of
a staggered winding design to minimize end winding and eliminate inactive
regions as they do not create torque. Yet, the high-frequency operation of
this design can lead to large ac losses due to skin and proximity effects. Skin
and proximity effects are caused by current distribution and flow patterns
respectively that result in an increase in effective wire resistance. Additional
losses in the winding design can be attributed to the dc resistance of the wire
and physical connection points in the machine. Measures have been taken to
lessen all these losses.
First, the use of Litz wire has been proven to be an effective way to mit-
igate losses due to skin and proximity effects especially at high frequency.
Several machines in the literature have reported reduced losses using Litz
wire windings [45], [46], [47], [48]. This special type of wire is composed of
numerous copper strands that form bundles. The strands and bundles are
then transposed with each other along the wire to create a more even current
distribution. Figure 6.1 is a diagram of a Litz wire cross section, and Figure
6.2 shows a sample section of Litz wire.
Figure 6.1: Diagram of Litz wire cross section.
An extensive optimization process was conducted to select the stand gauge
that minimize ac and dc loss. This work is outlined in [38] and resulted in
the use of a 38 American Wire Gauge (awg) copper strands. A custom made,
Type 8 Litz wire was designed to meet the dimensional specifications of the
winding. This wire is rectangular and is formed by 15 bundles. These bundles
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Figure 6.2: Sample Litz wire section.
consist of 44 individually insulated copper strands. The key wire parameters
are presented in Table 6.1.
Table 6.1: Key Litz Wire Parameters
Parameters Specification
Litz Wire Type Type 8 (Rectangular)
Litz Design 15x44
Strand Diameter 38 awg
Width 0.244+/-0.015 in
Height 0.063+/-0.006 in
Copper Fill Factor 0.53
Strand Insulation Polyimide
Bundle Insulation Single Nomex Serve
Max Temperature Rating 220 ◦C
The windings are designed and manufactured as series pairs to halve the
number of connections and corresponding losses as discussed in Chapter 4.
This is particularly important for Litz wire applications because it is not
possible to maintain the transposed topology at connection points. The
machine is wye-connected and each phase consists of five parallel sets of two
series winding pairs. There are two ways the series pairs can be connected
in parallel. First, adjacent pairs of the same phase can be connected. This
method is advantageous because it uses less wire and decreases weight, losses,
and volume. Alternatively, pairs separated by 180 mechanical degrees can be
connected in parallel. Although this method mitigates eccentricity issues, it
is impractical because the extra wire introduces additional weight and loss.
Given the above design decisions the windings are expected to yield 7.5 kW
of loss, which accounts for only 23% of the machine’s predicted losses.
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6.2 Dielectric Considerations
A redundant winding insulation scheme is necessary for two reasons. First,
the use of a high-frequency drive creates the potential to have large voltage
differences between turns and phases, which causes stress on the insulation.
There is also the risk of a short circuit faults, which as discussed in Chapter 3
have severe failure modes in PMSMs. The winding implementation presents
the possibility of three unique short circuit failures: turn-to-turn, phase-to-
phase, and phase-to-ground. Measures must be taken to mitigate all three.
As a result, three types of insulation are used in these windings. Two of
these insulations, the strand and bundle insulations, are implemented during
the manufacture of the Litz wire itself. The turn insulation, on the other
hand, is placed during the winding manufacturing. Figure 6.3 visualizes the
location of each insulation type. Key insulation parameters are included in
Table 6.2.
Figure 6.3: Winding cross section diagram.
Short circuit failures can be manifested through manufacturing errors, par-
tial discharge effects, and excessive heat. The first cause has been addressed
through a precise manufacturing process that minimizes associated errors and
is discussed in detail in Chapter 7. Additionally, a rigorous winding qualifica-
tion procedure has been implemented to test the insulations’ integrity. This
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Table 6.2: Key Insulation Characteristics [39]
Insulator Type Strand Bundle Turn
Material Polyimide Nomex® Glass Fiber
Thickness (mil) 0.5 5 7
Dielectric
(
V
mil
)
7700 715 430
Breakdown (V) 3850 3580 3000
Insulation Class Class H Class H Class H
is presented in Chapter 8. The second two concerns are often the result of
air voids in the winding structure. In particular, partial discharge can occur
due to voltage potential difference between two locations within the winding.
If there is air void between these locations electric arcing can occur, signif-
icantly decreasing the life of the insulation. Air voids also impede thermal
dissipation because the thermal conductivity of static air is very poor. This
can lead to hot spots within the winding, further stressing the insulation.
Duralco 128, a ceramic filled resin, is applied to the wire during manufac-
turing due to its high thermal conductivity, 2.88 W/m · k, and dielectric
properties [49]. A pre-vacuum process is used to eliminate air voids in the
resin before application. Two qualification tests were conducted to observe
the partial discharge inception voltage (PDIV) and resin wire penetration
respectively. Both of these experiments provide insight into how effective the
manufacturing process is at removing air voids in the resin.
6.3 Thermal Considerations
An important trade-off during winding design is between dielectric and ther-
mal performance. Electrical insulators usually have poor thermal conduc-
tivities, hence complicating thermal dissipation in the windings. Section 6.2
highlighted the importance of redundant insulation to prevent short circuits.
Therefore, one must find a design solution that achieves both proper electrical
insulation and thermal dissipation.
Forced air cooling is used to extract heat from the windings. This sets
the stage for one of the most novel aspects of these windings. Namely, they
enable an electric loading of 40,000 A/m with a simple forced air cooling de-
sign. Advanced aerospace machines often boast electric loadings in the range
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of 30,000-50,000 A/m [3], but also utilize liquid cooling. In this application,
cooling air is most readily be available in the heat sink and air gap. Both
locations require the heat to travel radially. This is complicated by the fact
that the copper and resins used in the windings have high thermal conduc-
tivities, while the turn, bundle, and strand insulations do not; thus, heat is
dissipated more successfully axially rather than radially. A bench test, which
is discussed in Chapter 8, has been implemented to determine the effective
radial thermal conductivity of the windings. This metric was found to be
0.49 W/m ·K. Further finite element analysis has determined that the ex-
pected hot spot temperatures within the windings will reach up to 180 ◦C,
requiring the use of Class-H insulation. As alluded to in the previous section,
insulation life degrades as temperatures exceed the insulations rating [23].
This winding’s materials and geometry provide sufficient thermal perfor-
mance, even with the redundant insulation system discussed in Section 6.2.
The high thermal conductivity resin paired with the elimination of air voids
between turns creates a relatively high radial thermal conductivity. More-
over, the transposition of the bundles within the Litz wire helps heat removal
from the top and bottom turns, as each wire is equally exposed to shorter ra-
dial distances to cooling along the length of the active region. Finally, a Class
H insulation scheme is utilized to ensure that the windings can withstand the
operating conditions of the machine.
6.4 Mechanical Considerations
There are two unique mechanical considerations for these armature windings.
First, since they are to be used in a very power dense EM, tight dimensional
tolerances must be maintained. Table 6.3 presents the required dimensions.
Figure 6.4 labels the corresponding dimensions of the winding design.
Note that the radial height and peripheral width are both crucial to ma-
chine assembly. More specifically, if the radial height of the winding is too
large it cuts into the air gap of the machine or could even interfere with
the rotor. Excessive peripheral width in the windings could cause the wind-
ing assembly to not fit around the circumference of the stator iron. The
precise manufacturing process that is described in Chapter 7 enables these
strict tolerances to be enforced. Dimensional data has been collected for
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Table 6.3: Winding Dimensional Requirements
Winding Design
Dimension Measurements
and Tolerance (in)
Phase A
Axial Length 9.64 ± 0.100
Phase B
Axial Length 10.32 ± 0.100
Phase C
Axial Length 11.00 ± 0.100
All Windings
Peripheral
Width 0.275 ± 0.005
Radial Height 0.220 ± 0.005
Figure 6.4: Series winding diagram with key dimensions labeled [39].
all the windings that have been manufactured in-house validating that the
requirements are achievable. This data is presented in Chapter 8.
The second consideration is related to mechanical stresses the windings
encounter during operation. Due to the way torque is produced in an EM, the
stator windings experience shear stress. This shear stress can be calculated
as follows in Equations 6.1 and 6.2.
Force =
Toque
StatorY okeRadius
(6.1)
The rated torque of this machine is 635 N ·m and the stator yoke has a
radius of 5.3 in (0.135 m). Since fault torques can be much larger than the
rated value, 63,500 N ·m is used in this calculation, resulting in a force of
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470 kN. Assuming the force is distributed equally between all 120 winding
active regions, the force endured by one winding is 3,920 N. Next, the shear
stress is calculated.
σ =
Force
Area
(6.2)
The area of one active region is 0.0017 m2. Thus the shear stress experi-
enced at the yoke-to-winding interface is 2,300 kPa. The winding’s ability to
withstand the above calculated shear stress has been qualified using a shear
stress test. Chapter 8 presents the test set-up and the results for shearing
failures within the winding as well as on the winding to iron interface. These
mechanical mitigation and qualification processes enable the use of these
windings in the 1 MW machine.
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CHAPTER 7
WINDING MANUFACTURING
The previous chapters have discussed the form-wound winding design utilized
in this machine. This design has been used to develop an in-house manu-
facturing process, which is the focus of the following sections. A important
component to this method is the winding fixture, shown in Figure 7.1, that
allows the windings to be formed to the correct dimensions and shape.
Figure 7.1: Delrin fixture used during winding manufacturing.
There are several steps involved in producing a functional winding that can
be summarized in three main stages. First, the preparation stage involves
cleaning and assembling the fixture. An initial coat of resin is also applied to
the wire during this stage. Next, the wire is wound around the fixture while
additional resin and insulation are added between turns. The winding is then
completely enclosed in the fixture to form the desired dimensions while the
resin cures. After 24 hours the winding is carefully removed from the fixture,
and the leads are stripped of insulation. The bundle insulation is removed
mechanically using an abrasive, while the polyimide strand insulation must
be chemically stripped. Once insulation stripping is complete, the winding is
ready for qualification. Chapter 8 presents loss, dielectric, thermal, and me-
chanical qualification methods. It is necessary to have a rigorous qualification
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procedure to ensure that no defects were introduced during manufacturing,
as they could lead to premature winding failures. Chapter 7 first presents the
background of the winding manufacturing process as well as the challenges
that have been addressed during its development. The final winding and
insulation stripping procedures are then described in detail.
7.1 Manufacturing Background and Challenges
Several iterations of manufacturing procedures have been developed to ad-
dress various challenges. The first process, discussed in [38], utilized a 3-D
printed winding fixture. While this fixture provided a good proof of concept,
it did not offer the durability and precise dimensions necessary to make us-
able windings. A stainless steel fixture was machined to address these issues
and is shown in Figure 7.2.
Figure 7.2: Stainless steel fixture used during winding trials.
This fixture improved winding dimensions and provided the necessary
durability to mass manufacture windings with one set of fixtures. Nonethe-
less, new challenges arose through the use of stainless steel. In particular, the
Duralco 128 resin bonds well to stainless steel, complicating how the winding
is removed from the fixture. Kapton tape was applied to the fixture areas
where the resin and stainless steel would come into contact, but this process
was time-consuming and marginally effective. The Kapton tape enabled the
winding to be removed from the fixture, yet it also often would stick to the
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winding creating an additional thermal barrier and adding undesired dimen-
sion. It was also found that resin often would seep under the seams of the
tape. As a result, windings could be damaged when they were removed from
the fixture as shown in Figure 7.3. In addition, a cleaning process for the
fixture pieces was also necessary.
Figure 7.3: Winding with damaged created by manufacturing.
This cleaning process involved soaking the pieces in acetone to weaken the
resin’s bond with the steel, followed by manually sand blasting the pieces to
remove the remaining resin. Ultimately, these accommodations proved to be
too cumbersome to viably mass produce the necessary number of windings.
In stead, Delrin was selected as the most effective fixture material. Delrin is
a durable plastic that can be precisely machined and does not bond well with
Duralco 128 resin. The final fixture design is shown in Figure 7.1. This fixture
significantly reduces cleaning time, allows for easy winding removal, and still
provides the necessary winding dimensions. A complete winding set has been
manufactured using these fixtures, further validating their durability.
There have also been many different implementations of materials during
winding manufacturing. For example, various turn insulations and config-
urations have been tested. One key trade was between the use of glass
fiber tape and glass fiber cloth as a turn insulation. The adhesive used on
the tape aided manufacturing but was also thermally limiting. Moreover, it
prevented resin penetration through the turn insulation creating additional
thermal, dielectric, and mechanical concerns. The use of glass fiber cloth
addressed these concerns due to its porous, adhesive-free weave. This was
accompanied by a more difficult manufacturing process, but methods were
soon discovered to mitigate these challenges. Manufacturing tests were also
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conducted to determine the optimal turn insulation configuration. Figure 7.4
shows an early prototype, in which turn insulation was only wrapped around
the middle turn.
Figure 7.4: Prototype insulation scheme.
However, this scheme only protects against turn-to-turn faults. Phase-to-
phase and phase-to-ground faults must also be considered. Thus, the turn
insulation scheme discussed in Chapter 6 was implemented to address all
three failure modes. Placement of the turn-insulation during the manufac-
turing process is addressed in Section 7.2.
Resin preparation is another process that improved through testing and
experience. Chapter 6 presented the importance of eliminating air pockets
in the windings. These voids can be introduced into the resin when its two
components are mixed. A “pre-vac” process was employed to eliminate the
voids by placing the mixed resin under vacuum before applying it between
turns. The removal of these preexisting voids in the resin improved thermal
performance considerably, as is shown in Chapter 8.
Another key component to winding manufacturing is the insulation re-
moval for connection points. Martin [38] outlined an initial insulation strip-
ping process. The windings bundle insulation was removed mechanically
using a Dremel. While this method did remove the Nomex insulation, it
also caused many of the copper strands to break in the process. This is a
significant problem because it increases winding losses. A new mechanical
insulation removal process has been developed that does not result in loss of
strands, which is discussed in detail in Section 7.3. Additionally, the strand
insulation must be removed chemically. The process described in [38] re-
sulted in poor chemical stripping as well as chemicals wicking up into the
remaining bundle insulation. These challenges were resolved using a new
chemical stripping method presented in Section 7.3.
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7.2 Manufacturing Process: Winding
The manufacturing process of these form-wound windings is based around
the use of a fixture to create the correct winding shape. Losses, insulation
integrity, thermal performance, and mechanical strength are also of great
importance during winding manufacturing. Thus, a precise and repeatable
procedure has been developed to produce reliable windings. The following
sections discuss the winding manufacturing processes.
7.2.1 Preparations
The winding process begins by stringing out the proper amount of wire for
the phase that is to be manufactured, i.e. 13.5 feet for Phase A, 14.5 feet for
Phase B, and 15.5 feet for Phase C. Four winding regions are then identified
on the wire. These regions are the leads, the connector, the end windings,
and the active regions as labeled in Figure 7.5.
Figure 7.5: Winding diagram with regions labeled.
This is necessary because different types of resins are applied depending
on the region. Once the regions have been marked on the wire, Duralco 128
resin is prepared for an initial coat that is applied to both the active and end
winding regions. The Duralco 128 resin has two parts, which must be mixed
carefully to ensure proper curing. After the resin is prepared, it is placed
under vacuum for 15 minutes to eliminate air pockets. Figure 7.6 shows the
vacuum chamber used in this application.
The resin is then applied to the active and end winding regions of the
strung-out wire and is let partially cure. The benefits of an initial coat of
resin in these regions is two-fold as it prevents Litz wire debraiding in the
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Figure 7.6: Vacuum chamber used during resin “pre-vac” process.
end winding regions during manufacturing and ensures resin penetration be-
tween the Litz wire bundles. RTV 108, a silicone-based resin, is also applied
to the connecting region to maintain the Litz wire topology, while still pro-
viding flexibility. Finally, clean winding fixture pieces are assembled into
the winding configuration, as shown in Figure 7.7. This step completes the
preparation phase of winding manufacturing.
Figure 7.7: Delrin fixture configuration used for winding.
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7.2.2 Winding
After the preparation stage is complete, winding can begin. Since the wind-
ings are manufactured as series pairs, this process begins by fixing the con-
necting region in place. The first winding is then fully completed before ro-
tating the fixture to wind the second winding. Note that since the connecting
region is flexible even after curing, the winding pair is not manufactured in its
final configuration. This substantially simplifies the manufacturing process.
More Duralco 128 resin is then prepared, again using the “pre-vac” method.
This resin is first applied to the fixture and then between turns using a
syringe, as demonstrated in Figure 7.8.
Figure 7.8: Application of resin during manufacturing process.
The glass fiber turn insulation is installed below each turn in the active
regions and between turns in the end winding regions. Figure 7.9 shows the
glass fiber cloth placed in both regions.
The Litz wire is then placed on top of this insulation, and care is taken to
ensure that the glass fiber cloth also wraps around the wire to provide phase-
to-phase fault protection. The resin application, insulation installation, and
wire placement processes are repeated three times as there are three turns
in each winding. Once the final turn is placed, additional fixture pieces are
introduced to apply downward pressure on the windings, further ensuring
effective and evenly distributed resin penetration. This process also allows
for the removal of extra resin so that the proper dimensions can be achieved.
Following the press procedure, the winding is completely enclosed to form
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Figure 7.9: Application of insulation during manufacturing process.
the desired winding shape and dimensions as the resin cures. As alluded
to before, this exact process is then repeated for the second winding in the
series pair on the other side of the fixture. A fixture enclosing a completed
series pair is shown in Figure 7.10.
Figure 7.10: Completed winding curing in fixture.
RTV 108 resin is then applied to the leads of the completed winding, and
both resins are cured for 24 hours at room temperature while the winding
remains in the fixture.
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7.2.3 Post-Winding
There are two important steps that follow the resin curing period of winding
manufacturing. First, the winding must be carefully removed from the fixture
so that insulation defects are not introduced. Several features have been
added to the fixture to make the removal procedure easier. Since the pieces
are made of Delrin, winding removal can be completed without applying
excessive force that may result in damage to the winding or the fixture itself.
The winding pieces must also be cleaned, as there is often residual resin
stuck to the parts. While the bond between the resin and Delrin is weak,
it is important that the pieces are not damaged during cleaning. Hence,
they are soaked in acetone for 24 hours to further weaken this bond before
the remaining resin is removed. Cleaning is important because it allows the
fixture to provide consistent and repeatable dimensions and eliminates resin
build up.
7.3 Manufacturing Process: Leads
The last component to winding manufacturing involves forming the leads.
This is important because it allows electrical connections to be made with
the windings, which are imperative for many of the qualification processes
performed as well as for general use in an electric machine. There are two
main steps in lead manufacturing. First, the dielectric materials must be re-
moved. More specifically, the Nomex bundle insulation must be removed me-
chanically, while the Polyimide strand insulation is removed chemically. Both
processes must be completed with care so that the winding is not damaged.
The mechanical process to remove the Nomex bundle insulation requires the
use of a bench grinder, as shown in Figure 7.11.
The bundles are separated from their transposed Litz wire configuration
and pressure is applied downward to remove the insulation. This method is
quick and effective, while maintaining all the copper strands in the wire.
Once the Nomex has been removed, there is still a layer of polyimide
insulation on each copper strand. A chemical process is implemented using
the DSP 2 [50] to ensure each strand is stripped of insulation. Figure 7.12
presents the implementation set-up.
The DSP 2 is a temperature-controlled heating pot that is used to heat the
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Figure 7.11: Wire bundle insulation removal process.
Dip Strip chemical [50] to above 700 ◦F. This chemical is a strong base and
when paired with high temperatures removes Polyimide insulation efficiently.
After the lead has been dipped into the chemical it is rinsed in water followed
by an acid solution, Dip Clean [50], to neutralize any basic solution remaining
on the leads. The result of these two stripping methods is shown in Figure
7.13.
The second part of lead manufacturing involves creating a connection
point. To do so, the stripped strands are inserted into a crimp connector
and pressure is applied around the connection point. An example crimp
connection is shown in Figure 7.14.
Crimp connections are advantageous because they form a cold weld be-
tween strands, which has loss and thermal benefits when compared to a
soldered connection. Chapter 9 addresses how these connections are used to
interface the machine with a drive system. The connections are also useful in
many of the qualification procedures that are discussed in the next chapter.
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Figure 7.12: Wire strand insulation removal process.
Figure 7.13: Litz wire insulations labeled.
Figure 7.14: Winding crimp connection trial.
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CHAPTER 8
WINDING QUALIFICATION
Chapter 6 addressed four key parameters that are considered during wind-
ing design, manufacturing, and assembly. Namely, electrical losses, dielec-
tric capabilities, thermal performance, and mechanical performance must be
studied. Several tests have been implemented to optimize these parameters,
while many others have been employed to qualify the windings’ performance.
There are three district types of tests that have been conducted during the
development of these windings, as outlined in Figure 8.1.
Figure 8.1: Winding qualification breakdown.
The first involves trials that aided design and manufacturing. More specif-
ically, studies have been conducted to minimize electrical loss, evaluate resin
penetration within the wire, quantify winding thermal conductivity, and
qualify mechanical strength. These tests are not conducted on every winding,
but rather were used during the machine design process to choose materials
and manufacturing methods. The second type of qualification is conducted
on all windings that have been manufactured to ensure that they are suitable
for use in the prototype machine. Examples include measuring important di-
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mensions and qualifying the insulation scheme. These processes help elimi-
nate windings that would complicate stator assembly and windings that have
damaged insulation respectively. Finally, there are also tests that have been
developed to better understand the windings’ dielectric performance over the
life time of the machine. It is well known that insulation degrades as it is
stressed by its environment (i.e. temperature, humidity, and pressure) and
by the voltage impulses applied by the motor drive. A test bench has been
set up to accelerate the windings’ aging so that the insulation scheme’s life
can be estimated. Moreover, insulation can experience increased aging and
premature failure if partial discharge is present during operation. It is, there-
fore, also vital to determine the partial discharge inception voltage (PDIV).
The following sections discuss these tests in further detail, organized by the
parameter that they qualify.
8.1 Loss Qualification
8.1.1 Strand Size Selection
Since high efficiency is one of the key metrics of this machine, it is important
to minimize loss. As discussed in previous chapters Litz wire is utilized in an
effort to reduce losses. Yet the copper strand size within this type of wire also
has a large impact on the magnitude of the ac loss component. Martin [38]
developed a three-part process to determine the optimal strand wire gauge.
First, numerical methods were used to estimate ac and dc losses. Figure 8.2
shows that ac losses decrease significantly as strand size is reduced, while dc
losses remain almost unchanged.
The ac loss results were confirmed using finite element analysis and an indi-
rect balanced calorimetry (IBC) bench test. The IBC test set-up is depicted
in Figure 8.3.
The test is calibrated by determining the steady state temperature of the
set-up while no Litz wire sample is included. Litz wire is then included into
the test and ac losses are induced, increasing the steady state temperature.
This temperature rise is then used to calculate the ac losses in the wire.
Six low power test points were conducted, and the results were found to
correspond with the FEA analysis with less than a 15% error. Hence, all
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Figure 8.2: Winding loss trend as strand size decreases [38].
Figure 8.3: IBC test set-up diagram [38].
three stages were validated, and the results were used to determine that a 38
American Wire Gauge (AWG) strand should be used within the Litz wire.
8.2 Dielectric Performance Qualification
Through the previous chapters, it has been made clear that an effective insu-
lation scheme is crucial to prevent short circuit faults. The high-frequency,
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toothless design makes this even more important. Thus, several measures
have been taken to qualify the dielectric performance of these windings. First,
hi-pot and impulse tests are implemented to ensure that the winding insula-
tion is sufficient and undamaged before it is used in the machine. In other
words, these tests are used to prevent premature winding failure. Air pockets
in the winding potting material can result in partial discharge. High reso-
lution cross sectional photos of sample windings have been studied to assess
how prevalent voids are under the presented manufacturing methods. More-
over, the PDIV must be determined to understand at which voltage partial
discharge begins. Finally, a method of rapidly aging winding insulation has
been implemented to study the expected life of the insulation scheme.
8.2.1 Hi-Pot Test
Hi-pot testing is a common way to qualify ground-wall insulation in electric
machines. This also holds for the outermost insulation in toothless machines.
Faulty insulation in these areas would result in either a phase-to-phase fault
or a phase-to-ground fault, both of which are detrimental to the machine’s
performance. It is particularly important to qualify this insulation after
manufacturing and during assembly as these processes can lead to insulation
damage. A Megger is utilized to conduct the hi-pot tests of this machine.
Figure 8.4 depicts the test set-up of a winding after manufacturing.
Figure 8.4: Megger test set-up.
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A high potential is created between the conducting plate and the winding
under test. The leakage current is then measured to determine the dielectric
strength of the interface being tested. IEEE Standard 43-2000 requires that
this insulation must be greater than 15 MΩ [51]. Tests on the windings
manufactured have resulted in the resistances presented in Table 8.1.
Table 8.1: Hi-Pot Test Results
First Turn Third Turn
Winding Active Region (GΩ) Active Region (GΩ)
Phase A-1 >50 >50
Phase B-1 >50 >50
Phase C-1 >50 >50
Hi-pot tests will be repeated during the assembly of the windings around
the stator iron as to confirm that no faulty windings are included into the
final machine build.
8.2.2 Impulse Test
The insulation between turns is just as important to qualify, but it is not
accessible for hi-pot testing. As a result, an impulse test has been developed
in-house. The details of this qualification circuit are provided in [52]. In
summary, the circuit applies impulses with increasing voltage magnitudes
and evaluates the winding’s turn-to-turn insulation based on error-to-area
ratio (EAR). Equation 8.1 is used to calculate EAR [39].
EAR =
∑
i |Vtest(i)− Vref(i)|∑
i |Vref(i)|
(8.1)
The test circuit and set-up is shown in Figures 8.5 and 8.6 respectively.
Baseline waveforms have been found using an intentionally faulty winding
and several sample windings. These waveforms are presented in Figure 8.7.
The key parameters associated with these waveforms are given in Table 8.2
[39].
Windings that have an EAR of less than 10%, less than 5% change in
damping ration, and less than 0.5% change in frequency are determined to
have sufficient turn-to-turn insulation. The results of impulse testing on
several windings are shown in Table 8.3 [39].
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Figure 8.5: Impulse test circuit [39].
Figure 8.6: Impulse test set up [52].
Figure 8.7: Impulse test waveforms [39].
The impulse test paired with the hi-pot tests provides high confidence that
there will be no premature winding faults due to insulation damage. Yet,
there are other factors that can accelerate insulation stress. Thus, more tests
are needed to fully qualify the insulation scheme.
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Table 8.2: Quantification of Figure 8.7 [39]
Quantity Reference Acceptable Faulty
Frequency 284.2 kHz 284.2 kHz 381.9 kHz
Damping Ratio 0.0461 0.0462 0.0694
EAR — 0.613% 186.6%
Table 8.3: Results of Impulse Test Trials [39]
Winding Reference Average Maximum
Parameter Value Error Error
Phase A-1
Frequency 292 kHz 0.112% 0.200%
Damping Ratio 0.0221 3.16% 4.16%
EAR — 5.86% 8.63%
Phase B-1
Frequency 268 kHz 0.0444% 0.060%
Damping Ratio 0.0192 2.90% 4.22%
EAR — 3.84% 4.98%
Phase C-1
Frequency 264 kHz 0.0723% 0.105%
Damping Ratio 0.0189 3.64% 4.78%
EAR — 4.17% 5.59%
8.2.3 Winding Cross Section
Partial discharge and effective thermal conductivity both have major impacts
on insulation stress. Voids in the potting material significantly increase the
likelihood of partial discharge events and decrease the windings’ thermal
performance. Hence, it is important to qualify how effective the employed
manufacturing methods are at eliminating these air pockets. One way to do
so is to study the cross sections of sample windings at different levels of mag-
nification. The cross sections are created by first cutting the active region
of a sample winding using a diamond blade, followed by a polishing process.
Microscopy is then used to observe the cross sections at different levels of
magnification. Figures 8.8, 8.9, and 8.10 were created by Dr. Andrew Wood-
worth at the NASA Glenn Research Center and show these cross sections.
Through these images it was found that the ceramic resin is able to pene-
trate the bundle insulation of the Litz wire. Air pockets are not prevalent,
providing confidence in the implemented manufacturing process.
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Figure 8.8: Winding cross section, 1000 µm magnification.
Figure 8.9: Winding cross section, 500 µm magnification.
Figure 8.10: Winding cross section, 50 µm magnification.
8.2.4 Partial Discharge Inception Voltage Qualification
Since partial discharge can cause rapid insulation failure, it is important to
understand at what voltage level this effect begins to occur, i.e. the partial
discharge inception voltage (PDIV). Due to the behavior presented in the
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Paschen curve [53], the PDIV initially decreases as pressure drops. The
cruising altitude of current aircraft unfortunately resides near the minimum
of the Paschen curve, creating a major challenge for high-voltage systems
on electric aircraft. PDIV tests will be conducted at sea-level and cruising
altitude pressures using the set-up shown in Figure 8.11. The results of these
tests will provide insight into the maximum voltage at which the windings
can operate.
Figure 8.11: PDIV test set-up diagram.
8.2.5 Accelerated Aging Qualification
Parameters such as voltage stress, temperature, pressure, and humidity con-
tribute to how long an insulation scheme can perform. This is known as
the insulation’s life. Relationships between these parameters and increased
aging have been developed in the literature [23], [54]. Given these relation-
ships a bench test has been implemented to estimate the expected life of the
winding’s insulation scheme. Since the predicted life is of the magnitude of
10,000 hours, the test accelerates aging using higher than rated frequency
voltage impulses and temperatures. Specifically, a 20,000 Hz impulse wave-
form is applied to the winding while it is heated to 260 ◦C. These conditions
simulate 10,000 hours of rated operation in roughly 24 hours of test time.
The test set-up is shown in Figure 8.12. Several windings will be taken to
complete insulation failure to determine the average time to failure. This
information will then be used to determine the winding’s useful life.
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Figure 8.12: Accelerated aging set up block diagram.
8.3 Thermal Performance Qualification
8.3.1 Radial Thermal Conductivity Test
While the materials used in the windings are more conducive to axial heat
movement, it is vital that heat can be dissipated radially because the forced
air cooling is available in the air gap and heat sink. Hence, the windings’
thermal performance and resultant hot spot temperatures are heavily depen-
dent on radial thermal conductivity. A thermal bench test has been employed
to quantify this metric as presented in Figures 8.13 and 8.14.
Figure 8.13: Radial thermal conductivity test diagram [39].
Thermal insulation is placed on all sides of the winding except the radially
inward interface where a cooling plate is located. This forces the heat to
move in the radial inward direction. High levels of current are run through
the winding and temperatures throughout the winding are measured using
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thermal couples. The steady state temperatures are observed and are pre-
sented in Figure 8.15.
Figure 8.14: Radial thermal conductivity test set up [39].
Figure 8.15: Radial thermal conductivity test results.
Note that these results compare winding samples that utilized a resin pre-
vac process (new) with those that did not (old). Clearly, the elimination of air
voids in the resin has a major impact on thermal performance. Finally, these
results are used to calculate an estimated effective radial thermal conductivity
of 0.49 W/m ·K. This value has been used in thermal analysis to ensure
sufficient cooling is provided to the windings.
8.4 Mechanical Performance Qualification
There are two important mechanical performance qualification processes.
The first is closely related to manufacturing and assembly as it involves mea-
suring the tightly constrained dimensions of the winding. The windings must
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be able to fit together as an assembly around the circumference of the stator
yoke. Thus, the peripheral width is of utmost concern. Moreover, the small
air gap utilized in this machine also constrains the radial height of the wind-
ing. Both parameters are carefully measured after winding manufacturing to
determine if the windings’ dimensions are acceptable. Next, the windings’
ability to sustain shear stress must also be studied, as the electromagnetic
torque created in the machine results in stress on the stator windings. Two
interfaces are explored, i.e. between winding turns and between the winding
and stator yoke. The results of these tests are used to ensure that a shearing
failure does not occur during motor operation.
8.4.1 Dimension Qualification
Chapter 4 presented a CAD model of how the windings are assembled around
the stator yoke in a staggered fashion. There are 30 total series pair windings
in this machine design, equating to 10 per phase. This also results in 120
winding active regions around the circumference of the stator iron. The rated
stator yoke diameter is 10.6 inches resulting in a 33.3-inch circumference for
the active regions to be place on. Provided each active region is allotted the
same width, there is 0.2775 inches of room for each slot. As a result, 0.270
inches was selected for the nominal peripheral width of the active region. A
margin of +/- 0.005 inches was chosen for manufacturability reasons. These
dimensions are kept very tight to maximize copper fill factor, and hence
specific power. A caliper is used to measure the peripheral width at several
points along every active region. The results of every manufactured winding
are provided in Figure 8.16, as a histogram.
Similarly, the radial height of the windings is also very strict due to the
small air gap between the rotor and the stator. The nominal rated height has
been defined as 0.220 inches with a margin of +/-0.005 inches. Measurements
are taken along every active region and the results are plotted in Figure 8.17.
Clearly, not all the manufactured windings passed the dimensional require-
ments. In fact, maintaining these tight dimensions has been one of the largest
challenges during winding development. Precisely machined winding fixtures
have helped overcome this challenge.
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Figure 8.16: Peripheral width histogram [39].
Figure 8.17: Radial height histogram [39].
8.4.2 Shear Stress Test
The windings experience a shear stress caused by the electromagnetic torque
in the machine. It is imperative that this shear stress does not damage
or cause failures on the winding interfaces. Fault torques can increase this
shear stress dramatically, reaching up to around 30 times the nominal torque
rating. In addition, a safety factor of 3.33 is included to ensure there are no
mechanical failures during motor operation. As a result, the windings must
be able to endure 2,300 kPa of shear stress both within the winding and on
the winding-yoke interfaces. This translates to 410 N of force for the 1.77
cm2 samples used in this test.
A shear stress test bench has been implemented with help from Professor
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Emeritus James Phillips to explore both interfaces. Figure 8.18 depicts the
shear stress test set-up. A press, load cell, sample, and fixture are then used
to accurately simulate the shear stress as shown in Figure 8.19. The shear
stress test was conducted at three different locations as shown in Figures
8.20 and 8.21. The results of the shear stress test conducted at location 1 are
outlined in Table 8.4. Figure 8.22 shows a sample failure at location 1. Note
that this location is directly in the middle of the second turn of the winding.
Figure 8.18: Turn-to-turn shear stress test fixture.
Figure 8.19: Shear stress test set-up.
These results show that this location of the winding is able to withstand
forces that are an order of magnitude larger than the requirements. The
test is then repeated for test location 2, which corresponds to the interface
between the first and second turn of the winding. The results are shown in
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Figure 8.20: Turn-to-turn shear stress test locations.
Figure 8.21: Winding-to-yoke shear stress test location.
Table 8.4: Winding Shear Stress Test Results at Location 1
Sample Number Peak Force Endured (N)
1 1050.67
2 1034.43
3 1145.82
4 933.23
5 1151.64
Figure 8.22: Test location 1 failure.
Table 8.5, which demonstrate this location is able to withstand the expected
forces with a sufficient safety factor. Figure 8.23 shows a sample failure at
location 2.
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Table 8.5: Winding Shear Stress Test Results at Location 2
Sample Number Peak Force Endured (N)
1 1630.05
2 1371.39
3 1477.25
4 1718.13
5 1325.35
Figure 8.23: Test location 2 failure.
Finally, the winding-to-iron interface is also tested. The winding sample is
connected to the sample iron lamination using two different resins, Duralco
128 and Duralco 132. The results of both resins are presented in Tables
8.6 and 8.7 respectively. Additional tests should be conducted to produce
more consistent results, yet the initial tests show both resins likely provide
sufficient adhesion between the winding and the yoke for this application.
Figure 8.24 shows the failures at location 3.
Table 8.6: Winding Shear Stress Test Results at Location 3 - Duralco 128
Sample Number Peak Force Endured (N)
1 384.33
2 943.25
3 1133.85
Table 8.7: Winding Shear Stress Test Results at Location 3 - Duralco 132
Sample Number Peak Force Endured (N)
1 Premature Failure
2 831.82
3 964.60
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Figure 8.24: Test location 3 failures.
8.5 Conclusions
The previous sections have provided insight into the tests and processes that
were used to properly design and qualify the windings that will be used in
this machine. The final step remaining in this winding development after
qualification is stator assembly, which is addressed in the next chapter.
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CHAPTER 9
STATOR ASSEMBLY PLAN
There are four main components that must be assembled to complete the
motor’s stator: the core, the heat sink, the stator yoke, and the staggered
stator windings, all of which are shown in Figure 9.1.
Figure 9.1: Summary of stator components.
First, a press fit will be implemented between the heat sink and the core.
Similarly, a press fit will then employed between the heat sink and the stator
yoke. The windings will then be placed on the outer diameter of the yoke,
and resin will be used to hold them in place. Sixty winding leads will exit
the machine to interface with the motor drive. Significant work has been
done to ensure this lead routing is systematic and organized. Note that a
modular drive system is used consisting of five 200 kW multi-level inverters.
The following sections outline the stator assembly plan in detail.
9.1 Winding Assembly Considerations
The winding assembly process includes several considerations. First, a high-
level inverter-winding connection scheme is presented. This is followed by the
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implementation of the staggered winding design. Finally, both these sections
help motivate the lead routing methods that will be used in motor.
9.1.1 Inverter Connection Plan
Due to the low inductance in this motor design, the use of multi-level con-
verters is necessary to provide sinusoidal current waveforms to the machine.
The University of Illinois is researching a modular multi-level inverter design
in conjunction with the development of this motor [26]. More specifically, five
200 kW rated 9-level inverters will drive the machine. The modularity in-
troduced through this configuration improves the machine’s fault-tolerance
and ability to operate at de-rated power in certain fault conditions. The
configuration is shown in Figure 9.2.
Figure 9.2: Diagram of inverter connection plan.
Each inverter produces three phases, and recall that there are 30 series pair
windings in the machine’s design. Hence, two series pair windings of each
phase will be connected to each inverter. This plays a major role in how the
leads are routed out of the machine as is shown in subsequent sections.
9.1.2 Staggered Winding Assembly
The staggered design paired with tight dimensional tolerances complicates
the winding assembly process. It is imperative that the windings are as-
sembled without introducing damage to the insulation scheme. Moreover,
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the spacing between windings must be very precise so as not to introduce
additional torque ripple and difficult control. Finally, the windings must be
able to fit around the stator yoke. For all these reasons, winding assem-
bly testing must be conducted. This is commonly referred to as a winding
dry lay-up because there is no resin applied. Dry lay-ups provide the op-
portunity to practice assembling methods and find the optimal selection of
windings to meet the circumference requirements. Fixtures that simulate
approximately one fourth of the stator yoke’s circumference were machined
to conduct partial dry lay-ups. Figure 9.3 shows the fixture used during this
partial assembly test. Spacers are necessary to put the windings’ active re-
gions in place as shown in Figure 9.4. Finally, eight series windings have been
assembled together as an initial assembly test. The results are presented in
Figure 9.5. These figures show a sample size of the large number of leads
that exit the machine. Hence, a well planned routing scheme is necessary to
ensure the proper connection are made.
Figure 9.3: Winding sub-assembly test fixture.
9.1.3 Lead Routing
There is a total of 60 leads routed out of the motor when stator assembly is
complete. The motor’s design calls for 20 poles; hence, there are 3 leads per
pole. Figure 9.6 shows a four-pole assembly with 12 leads.
Four different connections must be made to properly interface the wind-
ings with the motor drive. Specifically, phase A, phase B, phase C, and
ground connections are necessary throughout the motor. A wire holder is a
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Figure 9.4: Winding sub-assembly test.
Figure 9.5: Winding sub-assembly.
systematic and efficient way to properly route these leads. Moreover, this
type of lead routing ensures that the leads will not interfere with the rotor
or dramatically block cooling air flow. Figure 9.7 depicts a CAD model of
the proposed wire holder.
This connection plan allows the machine to be easily connected to var-
ious test equipment while using a minimal amount of wire, thus reducing
transmission line effects and corresponding losses.
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Figure 9.6: Winding four-pole sub-assembly.
Figure 9.7: Winding lead wire holder design
9.2 Future Work
With a winding manufacturing and assembly plan in place, full stator as-
sembly must be considered. Namely, there are four components that will be
coupled: the core, the heat sink, the stator yoke, and the armature windings.
The following sections outline the future work necessary for each component.
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9.2.1 Stator Yoke
The stator yoke was manufactured by an outside vender. Due to the difficult
stacking process introduced by the 0.004-inch laminations, some stagger is
present on the outer and inner diameters of the yoke. It is crucial that
this stagger is eliminated for several reasons. First, air voids between the
components would be detrimental to the machine’s thermal performance.
Moreover, a press fit will be used between the heat sink and the stator yoke.
If there is stagger on the inner diameter of the yoke, pressure from the press
fit will be localized, likely causing the stator laminations to break apart.
One proposed solution is to machine both the inner and outer diameters.
Unfortunately, this would also cause burrs that would short the laminations,
significantly increasing iron losses. Chemical etching processes can be used
to eliminate these burrs, but this approach was ultimately deemed too risky
to be viable. An alternate solution involves applying resin to both the inner
and outer diameters. Once the resin is cured, it can be machined precisely to
create the desired cylindrical shape. This solution avoids directly machining
the laminations, but also increases the radial dimension. Ultimately, this
solution was selected because the yoke is less likely to be damaged. Core loss
tests will be completed prior to and after the resin application and machining
to ensure proper iron performance.
9.2.2 Heat Sink
The heat sink that will be utilized in this machine was made in-house using
electrical discharge machining (EDM) techniques. This will first be coupled
to the core using a press fit. Once the stator yoke’s inner diameter is finalized,
the heat sink’s outer diameter will be machined down to allow for proper
coupling with the yoke. Hence, very little work specifically related to the
heat sink remains.
9.2.3 Windings
After winding manufacturing and initial qualification is fully complete, dry
lay-up sub-assemblies will be made utilizing the methods described in Section
9.1.2. Special windings with flexible end winding regions will be manufac-
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tured to help interface these sub-assemblies. The end winding regions are
made flexible by applying 108 RTV rather than Duralco 128 in these areas.
A complete dry lay-up will then be placed around the stator yoke and hi-pot
tests will be conducted on each winding to measure the leakage current with
respect to the yoke and adjacent windings. Once the dry lay-up has passed
full assembly and dielectric qualification, the stator will be ready for final
assembly.
9.2.4 Final Assembly
The final stator assembly will occur in four parts. First, the core and the
heat sink will be coupled using a press fit. Resin will then be applied to the
stator yoke and precisely machined. Once this is complete, the heat sink and
stator yoke will be coupled, also through a press fit. The windings will then
be attached to the outer diameter of the stator yoke as sub-assemblies us-
ing resin. The flexible windings that interface these assemblies together will
then be put into place and tested once more using a Megger to confirm no
insulation damage was introduced during final assembly. Testing equipment,
such as resistance thermal detectors (RTDs), will then be placed in between
adjacent windings so that temperature can be measured during motor op-
eration. A layer of additional resin will be applied to the outer diameter
of the windings, eliminating all air pockets. Finally, the wire holder will be
attached to the stator and the leads will be routed properly out of the motor.
Once these procedures are complete the stator will be ready to be coupled
to the outer rotor.
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CHAPTER 10
CONCLUSIONS
10.1 Summary and Implications of Work
Over the previous nine chapters of this thesis, a wide range of topics have
been addressed within the scope of electric machine development for electric
aircraft propulsion. First, the need for more electric aircraft was presented.
Since the use of air travel is becoming more prominent, it is vital to explore
more energy efficient ways to fly. This motivated the exploration of viable
machine types for high-power, aircraft applications. Ultimately, it was deter-
mined that permanent magnet synchronous machines provide the efficiency
and power density required to enable electric propulsion. Next, a review
of various armature winding designs was given, and a toothless staggered
form-wound design was selected to reduce the amount of iron in the machine
while also increasing copper fill factor and improving thermal performance.
This winding selection had a large impact on the overall machine design. An
outside rotor topology was chosen to maximize air gap flux density, and each
component used in resulting motor design was addressed. The thesis then
shifted focus to a detailed analysis of the key considerations examined while
designing, manufacturing, and qualifying the form-wound armature wind-
ings. A successful manufacturing process was developed and implemented
using precisely machined Delrin fixtures. Rigorous qualification procedures
were then established to observe various metrics related to the windings’ loss,
dielectric, thermal, and mechanical performance. Finally, a stator assembly
plan was outlined.
The implications of this work are massive, as this motor could revolutionize
how aircraft propulsion power is created and distributed. More broadly, the
proposed motor also offers significantly higher specific power, at 13 kW/kg,
than any existing megawatt class machine has achieved [2]. The innovative
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winding design described in this thesis is a key enabler to the machine design
due to its ability to push electric loading to 40,000 A/m, while only using
forced air cooling. The in-house manufacturing process will allow a full size 1
MW prototype motor to be implemented and tested, further validating this
technology. Lastly, the winding design can be generalized to be used in scaled
versions of this machine or entirely different high-power density machines.
10.2 Future Research
There are several areas of continued and future research that must be ex-
plored to further enable this technology. First, the system integration of
high-power electric machines onto aircraft presents many challenges. Energy
storage, electrical insulation, and cooling methods are among the system level
considerations that become complicated at altitude. Furthermore, the elec-
trical systems also have a significant weight impact on the aircraft. Hence, a
large, multidisciplinary research effort is necessary to utilize electric machines
for aircraft propulsion.
Moreover, there are opportunities to improve the winding design devel-
oped in this thesis. For example, rotating the Litz wire 90 degrees in the
design would provide equal cooling to all turns, but may also complicate the
manufacturing process. Figure 10.1 shows a diagram of this design change.
Figure 10.1: Proposed winding design change
A vacuum-pressure impregnation (VPI) process could also be implemented
during manufacturing to ensure that no air voids are present in the potting
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material of the windings. Such a change would improve thermal and dielectric
performance.
Materials research can also allow for step changes in winding performance.
Specifically, a material that serves as a strong electrical insulator while still
providing high thermal conductivity would be a game changer for armature
winding design. Similarly, a low viscosity, high thermal conductivity resin
would improve resin wire penetration. Both innovations would simplify ex-
tracting heat from the windings, thus creating the ability to further increase
electric loading. Ultimately, an increase in electric loading would result in
a more power dense machine. Again, multidisciplinary research is vital to
enable higher performance windings.
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